nature neurOSCIenCe a r t I C l e S Common movements, such as reaching and grasping an object or stepping, involve complex neural calculations to select the appropriate muscles and precisely control the timing of their contractions to achieve the desired outcome. This motor coordination involves many regions in the central nervous system (CNS), including the motor cortex, red nucleus, basal ganglia, brainstem, cerebellum, peripheral sensory system and spinal neurons. These neural pathways ultimately converge onto motorneuron pools that are each dedicated to controlling a single muscle of the body. Given the number of muscles and possible joint positions of the body that can vary at each moment, the efficiency and reliability of common movements are remarkable.
a r t I C l e S
Common movements, such as reaching and grasping an object or stepping, involve complex neural calculations to select the appropriate muscles and precisely control the timing of their contractions to achieve the desired outcome. This motor coordination involves many regions in the central nervous system (CNS), including the motor cortex, red nucleus, basal ganglia, brainstem, cerebellum, peripheral sensory system and spinal neurons. These neural pathways ultimately converge onto motorneuron pools that are each dedicated to controlling a single muscle of the body. Given the number of muscles and possible joint positions of the body that can vary at each moment, the efficiency and reliability of common movements are remarkable.
To simplify the motor-control tasks of the CNS, neural plans for compound movements that invoke multiple joints or body regions are thought to be fractionated into a series of subroutines or 'synergies' that bind together useful combinations of motorneuron activation [1] [2] [3] . These synergies may then be flexibly recruited into multiple types of movement, such as voluntary and reflexive behaviors. It has long been recognized that voluntary movements and those evoked by direct stimulation of the motor cortex have similarities with movements activated by sensory reflexes [4] [5] [6] [7] . Because the cortex and peripheral nervous system have direct connections into the spinal cord, we tested whether these inputs converge onto a shared spinal motor circuitry for coordinating motor actions. We identified a spatially and molecularly defined population of neurons in the deep dorsal horn of the spinal cord that are candidates to encode the programs for motor synergies; this population comprises a network of neurons at the point of intersection between the corticospinal and sensory pathways. Because activation of these neurons is sufficient to elicit reliable and coordinated motorneuron activity, we designated these cells motor synergy encoder (MSE) neurons. Functional studies of MSE neurons revealed an orderly circuit organization, which we speculate helps to simplify the selection of the appropriate programs that underlie complex motor actions for purposeful movements.
RESULTS

A premotor neuron column in lamina V
Motor synergies that involve multiple hindlimb joints typically employ motor pools that are present in different lumbar (L) segments. For example, the stance phase of locomotion involves coextension by quadriceps motor pools in L2-3 and gastrocnemius motorneurons in L4- 5 (refs. 8-10) . To identify spinal neurons that may mediate coordination of motorneuron activity, we searched for intersegmentally projecting neurons with strong direct connections to motorneurons. We used a monosynaptic circuit-tracing strategy that limits the spread of trans-synaptic rabies virus to only first-order premotor neurons. This approach is based on co-infecting motorneurons with genetically modified rabies virus (Rab∆G) and adeno-associated virus (AAV) encoding glycoprotein (AAV:G) 11, 12 . Experiments were performed on mice between postnatal days 0-15 (P0-P15) because this time window provides the most efficient trans-synaptic labeling, with a minimum of neuronal toxicity, and because the distribution of premotor neurons is similar between pups and adults 13, 14 .
Rab∆G and AAV:G were co-injected into a range of muscles that control joint movements of the hindlimb and forelimb. We studied the medial and lateral gastrocnemius muscles (ankle extensors), the tibialis anterior (ankle flexor), the quadriceps (knee extensor), the hamstrings (knee flexor), the wrist extensors, the wrist flexors, the triceps (elbow extensor) and the biceps (elbow flexor). We observed a dense column of ipsilateral neurons in the deep dorsal horn extending the length of the lumbar spinal cord for hindlimb muscles or the cervical spinal cord for forelimb muscles (n = 89 spinal cords; Fig. 1a-c, a r t I C l e S Supplementary Figs. 1 and 2, and data not shown). The cell bodies of this column were predominantly concentrated in medial lamina V, but we also observed sparse cell labeling in lateral lamina V and medial laminae IV and VI (Fig. 1b-d and Supplementary Figs. 1 and 2) . To determine whether the premotor neurons in laminae IV-VI were a unique subset of cells or representative of typical neurons in this region of the spinal cord, we examined their morphology in spinal cords with sparse premotor trans-synaptic Rab∆G labeling to better identify individual cells. The laminae IV-VI premotor neurons had large cell bodies (10-30 µm) and dendritic morphologies typical of Golgi-labeled laminae IV-VI neurons 15 , which suggested that the premotor neurons were representative of the general population of neurons in the deep dorsal horn rather than a unique morphological cell type (Supplementary Fig. 1 ).
Trans-synaptic labeling revealed the processes of these deep dorsal horn premotor cells to be within a dense cluster centered in medial lamina V. Axons of these cells entered the ventrolateral white matter and cornu-commissuralis of Marie in the dorsal funiculus ( Supplementary  Fig. 1a) , which are known tracts for intersegmentally projecting axons 15, 16 . Consistent with this intersegmental axonal labeling pattern, we detected premotor neurons up to eight spinal cord segments from their motorneuron targets (Fig. 1a,c,d and data not shown).
To quantify distributions of premotor neurons, we selected a single muscle, the ankle extensor gastrocnemius, and analyzed its premotor circuitry by regional and laminar distribution 17 . 52% of all rabies virus-labeled pregastrocnemius spinal neurons were located in the medial deep dorsal horn (laminae V-VI), compared with 28% in the ipsilateral ventral horn (laminae VII-IX), 7% in the contralateral spinal cord, 4% in the superficial dorsal horn (laminae I-IV) and 3% in the lateral deep dorsal horn (laminae V-VI) (n = 4,594 cells in 20 spinal cords; Fig. 1b-d) . The fraction of total premotor spinal neurons that were located in the medial deep dorsal horn increased at progressively rostral levels, reaching over 90% in upper lumbar and lower thoracic levels (Fig. 1c,d and Supplementary Table 1) .
These viral tracing studies revealed a column of premotor spinal neurons for a variety of motor pools located in the medial area of the deep dorsal horn, consistent with previous studies that identified premotor and putative premotor spinal neurons using a wide range of techniques [12] [13] [14] [18] [19] [20] [21] [22] . Medial deep dorsal horn premotor neurons are notable because they quantitatively represent the most prominent source of rabies virus-identified monosynaptic input onto motorneurons, extend axons across multiple spinal cord segments and are in the deep dorsal horn of the spinal cord, a region that is sufficient to drive motor synergies after electrical stimulation 23 .
Premotor lamina V neurons bind the activity of multiple motor pools We hypothesized that rabies-labeled premotor neurons concentrated in medial lamina V were cellular candidates to mediate motor synergies for multijoint movements. To explore this possibility, we tested whether direct activation of these neurons was sufficient to evoke reliable and coordinated motorneuron activity in the functionally related motor groups of the L2 and L5 spinal segments. This provides a simple model of a motor synergy. We used monosynaptic rabies-virus tracing to deliver the light-activated cation channel channelrhodopsin 2 (Rab∆G:ChR2) 24 to pregastrocnemius neurons, exposed the medial surface of the spinal cord and delivered focal, short-duration pulses of light to directly excite the pregastrocnemius medial deep dorsal horn neurons (Fig. 2a) . To analyze motor activity, we performed electrical recordings of the L5 ventral root, which includes gastrocnemius motorneuron axons, and the L2 ventral root, which contains the motorneuron axons of the functionally npg a r t I C l e S related muscles: the quadriceps and ileo-psoas hip flexors. Quadriceps activity is coordinated with gastrocnemius activity during the stance phase of locomotion 10 and the ileo-psoas has been reported to be activated with the gastrocnemius in specific cases of the painwithdrawal reflex [25] [26] [27] . We considered that optical stimulation of gastrocnemius premotor neurons would drive only L5 electrical activity if these neurons control only the gastrocnemius motor pool or would drive dual L2 and L5 activity if these neurons control coordinated activity of motor groups for multiple joints.
We found that optical stimulation of medial deep dorsal horn pregastrocnemius neurons evoked detectable motorneuron responses in both the L5 ventral root (10/10 spinal cords) and the L2 ventral root (9/10 spinal cords) (Fig. 2b) . We analyzed spinal cords that met our minimum criteria for efficiency of labeling with rabies virus (Online Methods) by performing optical stimulations in sets of ten trials over a range of stimulation locations from L1 to L6. Among this set, we found that all stimulation locations produced some motor response, but 72.7 ± 0.2% (mean ± s.d.) of premotor medial deep dorsal horn stimulation locations produced dual L2 and L5 motorneuron activity without any trial failures (n = 78 locations in four spinal cords, with ten trials at each location; Fig. 2e ). These data show that first-order premotor medial deep dorsal horn neurons have reliable and functional outputs capable of activating multiple motor groups.
Taken together, these findings reveal a population of spinal neurons that have four key features related to motor synergies. First, these neurons represent a major source of the direct synaptic input to motorneurons. Second, they extend axons intersegmentally and therefore are well-suited to bind spatially segregated but functionally related motor pools. Third, these cells are located in the deep dorsal horn, the region from which electrical stimulation of the spinal cord can best evoke motor synergies 23 . Finally, direct stimulation of these cells is a sufficient and reliable means to activate multiple motor groups. Accordingly, we considered that these cells are candidates to be motor synergy encoders, and we designated them MSE neurons.
Features of MSE neuron-evoked motor responses
We sought to determine the specific features of motorneuron activity evoked by candidate MSE neurons by comparison with motor responses driven by other classes of spinal neurons. To provide a control group of spinal interneurons with which to compare MSE cell function, it was necessary to achieve comparable levels of ChR2 expression in a comparable number of cells but in an unbiased set of spinal interneurons. We performed intraspinal injections of replication-defective Rab∆G:ChR2 to infect spinal neurons at L4 or L5 as well as the intersegmental neurons that project to these levels and take up the Rab∆G:ChR2 at their terminals (n = 7 spinal cords; Fig. 2c ). We performed these experiments without complementing glycoprotein, to restrict Rab∆G:ChR2 expression to initially infected neurons following intraspinal injection. We then performed optical excitation experiments over the ventral spinal cord, to probe the effects of nonspecific ventral interneurons on L2 and L5 motor activity.
We found that optical stimulation of nonspecific ventral interneurons evoked some detectable motor response from all stimulation locations, which is consistent with the known motor function of the ventral spinal cord (n = 54 locations in seven spinal cords; for example, Fig. 2d ). However, only 8.3 ± 1.4% of stimulation locations evoked reliable dual L2 and L5 motor responses (mean and s.d.). This is in marked contrast with the 72.7% of MSE stimulation trials (two-sided t test, P = 0.0034; Fig. 2e ). Thus, although multiple classes of spinal neurons contribute to motor control in behavior, direct optical excitation of a broad and unbiased set of ventral spinal interneurons does not consistently evoke dual L2 and L5 motor group responses.
Further comparison of motor responses evoked by MSE neurons and nonspecific spinal neurons revealed that MSE neurons drive more robust and reliable motorneuron activity. We analyzed multiple features of the motor responses, such as the variability in the timing of the first spike and the percentage of trials that produced a motor response (Online Methods). Principal component analysis identified a general reliability component that encompassed each of these features, PC1 (Supplementary Fig. 3 ). This component was positively associated with MSE neuron-evoked motor activity of both the L5 and L2 ventral roots, and this was significant relative to the negative association of PC1 with responses evoked by stimulating the nonspecific set of ventral interneurons (P = 0.010 for L2 and P = 0.024 for L5, twosided t test; Supplementary Fig. 3 ). This signature of reliability that characterizes motor activity evoked by MSE neurons demonstrates npg a r t I C l e S that this population has functional, high-fidelity outputs to multiple groups of motorneurons.
We next considered that the reliability of the dual motor responses may be explained by individual MSE neurons that contact multiple motorneuron pools through monosynaptic connections. To probe whether MSE neurons directly contact multiple motor pools, we performed two-color Rab∆G:Cherry and Rab∆G:GFP labeling experiments to visualize cells in the premotor circuitries of two muscles simultaneously. Although we observed doubly labeled (yellow) premotor cells for pairs of muscles that are commonly co-recruited during behavior, their infrequency suggests that they represent a minor portion of the paths by which MSE neurons access motorneurons (13/389 premedial gastrocnemius neurons, n = 6 spinal cords; Supplementary Fig. 4 ). The very low fraction that we observed may be an experimental underestimate owing to additive inefficiencies of two Rab∆G viruses, but independent studies confirm that duallabeled premotor cells represent a small fraction of the total premotor population 12, 21 .
These labeling studies suggested that MSE neurons likely use indirect connections to coordinately regulate multiple motor groups via polysynaptic pathways. This is supported by our measurements of the relatively long latencies to the first motorneuron spikes after optical stimulation of MSE neurons (for example, Fig. 2b ). This polysynaptic transmission could be mediated by other neuron classes, but the relative unreliability of ventral interneuron-evoked dual L2 and L5 responses (Fig. 2d,e and Supplementary Fig. 3 ) suggests that this possibility is not sufficient to explain the reliable MSE neuronevoked responses that we observed (Fig. 2b,e and Supplementary  Fig. 3) . Alternatively, MSE neurons may contact multiple groups of motorneurons through an interconnected MSE neuron network that enhances the robustness and reliability of motor responses, despite its polysynaptic path.
To determine whether candidate MSE neurons synaptically contact each other, we analyzed spinal cords in which medial gastrocnemius MSE neurons were labeled with Rab∆G:Cherry and lateral gastrocnemius MSE neurons were labeled with Rab∆G:GFP. In the medial deep dorsal horn, we observed dense Cherry + processes and GFP + processes surrounding MSE neurons labeled with both fluorescent proteins (Supplementary Fig. 5 ). We performed immunofluorescence assays to identify excitatory (vGlut2 + ) and inhibitory (Gad67 + or GlyT2 + ) MSE GFP + synaptic terminals that overlapped with the Cherry + cell bodies (and vice versa). We found examples of both excitatory and inhibitory MSE-to-MSE neuron connectivity ( Supplementary Fig. 5 ), which provides a potential pathway for MSE neurons to indirectly coordinate motorneuron responses via other MSE neurons. Thus, MSE neurons likely target multiple motorneuron groups through a combination of direct monosynaptic connections to multiple motorneuron pools and indirect connections through a polysynaptic MSE neuron network.
A molecular description of MSE cells
Having studied the connectivity and functional features of MSE neurons, we next began to characterize their cellular identity. To identify markers of the MSE cell population, we systematically screened the Gensat expression database 28 and cross-referenced these results with the Allen Brain Institute expression database 29 . We identified three candidate genes that are expressed in the medial deep dorsal horn at embryonic and postnatal stages, the transcription factor Tfap2b (also known as Tcfap2β) and the nuclear and chromatin organization factors Satb1 and Satb2 (refs. 30,31) . Tcfap2β is expressed at late embryonic and early postnatal stages across lamina V (with overlap into laminae IV and VI) and in a few scattered cells in the ventral horn (Fig. 3a) . We studied Satb1 and Satb2 together (Satb1/2), using an antibody that recognizes both proteins. Satb1/2 were expressed at mid-late embryonic stages in a cluster of cells in medial lamina V/VI (data not shown), and through postnatal stages in medial lamina V/VI and lamina III (Fig. 3b) .
We determined the neurotransmitter status of Tcfap2β + and Satb1/2 + cells. We found that the Tcfap2β + subpopulation of MSE neurons comprises a minor excitatory subtype and a major inhibitory subtype (Fig. 3c and Supplementary Fig. 6 ). Among the Satb1/2 + MSE neuron population, we found these cells could be subdivided into distinct dorsal and ventral subgroups on the basis of their protein expression profiles. Most of the Satb1/2 + neurons in the ventral region of medial lamina V-VI expressed the inhibitory marker Pax2, whereas most of the Satb1/2 + neurons in the dorsal area of medial lamina V-VI expressed the excitatory marker Tlx3 (Fig. 3c and Supplementary Fig. 6 ).
Next, we examined whether Tcfap2β and Satb1/2 are expressed by MSE cells using immunofluorescence analysis of spinal cords with Rab∆G-labeled MSE neurons. Tcfap2β was expressed in 23 ± 12% and Satb1/2 were expressed in 13 ± 11% of all pregastrocnemius spinal neurons (mean ± s.d., n = 4,594 cells in 20 spinal cords; Fig. 4) . This is in comparison with other previously reported markers of premotor neurons that account for 2.1% (V0 c ChAT + ), 2.5% (dI3 Isl1 + ), 3% (V2 Lhx3 + ) and 3.4% (Renshaw calbindin + ) of premotor (c) Neurotransmitter status of Tcfap2β and Satb1/2 cells determined using in situ hybridization at P10 against vGlut2 (excitatory), Gad65 (inhibitory), and Gad67 (inhibitory), or with antibodies at P2 to identify Tlx3 (excitatory) and Pax2 (inhibitory). Mean percentages ± s.d. are: 26 ± 4% of Tcfap2β + neurons expressed vGlut2 (n = 570 neurons in five P10 spinal cords), 67 ± 6% of Tcfap2β + neurons expressed Gad65 (n = 344 neurons in 4 P10 spinal cords) and 40 ± 8% expressed Gad67 (n = 201 neurons in three P10 spinal cords). It is likely that Gad65 and Gad67 are coexpressed in some cells. Among the Satb1/2 + population, 22 ± 5% of all Satb1/2 + expressed Pax2 (n = 1,056 neurons in 4 P2 spinal cords, mostly in the ventral subdivision of Satb1/2 + medial deep dorsal neurons), and 52 ± 7% of all Satb1/2 + expressed Tlx3 (n = 956 neurons in 4 P2 spinal cords, mostly in the dorsal subdivision of Satb1/2 + medial deep dorsal horn neurons). Fig. 4d) . A small percentage of cells were positive for both Tcfap2β and Satb1/2 antibodies. We observed similar results in pre-tibialis anterior, pre-hamstrings, pre-quadriceps and pre-wrist extensor studies (Fig. 4c and Supplementary Fig. 2 ). These data provide, to the best of our knowledge, the first assignment of molecular markers to this population of premotor cells, reveal that MSE neurons are a heterogeneous population and suggest that the combination of medial deep dorsal horn cell location, together with Tcfap2β or Satb1/2 expression status can serve as a surrogate for identification of MSE neurons. Further studies will be needed to probe the functions of MSE neuron subpopulations.
MSE neurons receive sensory and corticospinal inputs
It has been shown that motor synergies can be activated by different neural pathways, including sensory reflexes and motor cortex stimulation 6, 7, 33, 34 . This creates specific expectations for the types of inputs that MSE neurons should receive, namely, inputs from sensory pathways and from pyramidal cells in the motor cortex.
Proprioceptive sensory inputs may modulate motor synergies, cooperate with them to engage multiple motor pools or inform MSE cells about the position of the limb before initiation of movement. It is known that primary proprioceptive afferents have dense terminations in the medial deep dorsal horn 35, 36 , and we found that 98 ± 2% of MSE cells were contacted by proprioceptive parvalbumin + and vGlut1 + terminals or Parvalbumin::synaptophysin-tdTomato + terminals (n = 84 cells in three spinal cords; Fig. 5a,d) . We then analyzed a set , and we observed these over the cell body and processes (26 ± 16% on cell bodies and 74 ± 16% on processes, mean ± s.d.; Fig. 5d and Supplementary Fig. 7 ).
To determine whether motor cortex projections via the corticospinal tract may direct motor commands using MSE neurons as intermediaries, we analyzed spinal cords at P14-15 when the corticospinal tract is relatively mature 37, 38 . We used a new genetic strategy (Emx1øsynaptophysin-tdTomato) to identify total corticospinal presynaptic terminals. We found that 93% of Tcfap2β + or Satb1/2 + MSE cells received corticospinal synaptic contacts (n = 14 cells in seven spinal cords). We found multiple synaptic contacts on each positive cell (22.5 ± 18 contacts per cell, mean ± s.d.; Fig. 5e) , with up to 65 contacts on a single cell. We found these synapses on both the cell bodies and the processes of MSE cells (22.7% of contacts on cell bodies and 77.3% of contacts on processes, n = 292 contacts on 13 cells in seven spinal cords), and on dendritic spines (Fig. 5e and  Supplementary Fig. 7 ). It has previously been shown that the medial deep dorsal horn is the major target of the caudal motor cortex 39 . To determine specifically whether the caudal motor cortex has direct input onto candidate MSE cells, we performed focal injections of AAV:Cre into the caudal motor cortex of lox-stop-lox:synaptophysintdTomato mice and examined the spinal targets of labeled synapses. We observed synaptic terminals of the caudal motor cortex in the deep dorsal horn, overlapping with the region of MSE neurons (Fig. 5b) and directly contacting MSE cells (n = 16 contacts on nine cells in four spinal cords; data not shown).
We next characterized whether candidate MSE neurons are functionally recruited by nociceptive pathways. Although most primary nociceptive fibers terminate in the superficial dorsal horn, these neural signals are then relayed to the deep dorsal horn. Here they target multimodal neurons, including pain-withdrawal 'reflex encoder' neurons that translate noxious cutaneous signals into the appropriate single muscle reflex movements 40 . We found that a painful stimulus to the heel activated neurons in the superficial dorsal horn laminae I and II, and in the deep dorsal horn, where these neurons overlapped with Satb1/2 + cells (Fig. 5c) . In the deep dorsal horn, 71 ± 14% of c-fos + activated neurons expressed Satb1/2 (n = 247 cells in 11 spinal cords). In addition, we observed cells that were c-fos + , Satb1/2 + and directly premotor (Fig. 5f) . Thus, MSE neurons are likely interposed in pain-withdrawal pathways and may encompass previously described 'reflex-encoder' neurons, serving to bind together smaller reflex modules.
Our findings demonstrate that putative MSE neurons receive inputs from sensory and cortical pathways, which places these cells in the networks that command multiple types of motor synergy-based movement. Thus, it is possible that MSE cells that receive both sensory and cortical inputs may represent the underlying cellular network for controlling motor programs common to reflex and voluntary motor behaviors.
Motor coordination programs map onto MSE neuron position
We found that MSE neurons for each motor pool form a longitudinal column that extends across many spinal segments. To determine whether unique information is encoded in the functional outputs of MSE neurons at different rostral-caudal levels, we optically stimulated the pregastrocnemius MSE column at focal sites from L1 to L6 and analyzed the onset latencies to the first motorneuron spikes in the L2 and L5 ventral roots (Fig. 6a) . We found that stimulation of pregastrocnemius MSE neurons elicited motorneuron responses with spike latencies that varied reliably according to the optical excitation location. Specifically, the L5 latency increased at progressively rostral levels, whereas the L2 latency decreases at progressively rostral levels (n = 37 locations for L2 and 43 locations for L5, in four spinal cords; Fig. 6b-e and Supplementary Fig. 8 ).
To determine to what extent npg a r t I C l e S conduction delays contribute to this pattern, we analyzed conduction in the cornu-commisuralis of Marie after optical excitation of MSE neurons, and found that it was 1 ms mm −1 , which was significantly lower than the L5 slope of 2.6 ms mm −1 and the L2 slope of 4.2 ms mm −1 (confidence interval test, P < 0.05; see Online Methods and Supplementary Fig. 9) . Thus, the conduction delay in MSE neurons contributes to, but does not account for, the distinct motorneuron activation patterns that we observed at different rostral-caudal MSE neuron stimulation sites.
Taken together, our findings suggest that spinal circuits for distinct motor outputs are arrayed in an orderly fashion along the rostralcaudal axis of the deep dorsal horn. This organizational feature may help to simplify the complex task of coordinating multiple muscles for purposeful movements by allowing sensory and cortical pathways to engage MSE neurons at defined rostral-caudal levels of the spinal cord to activate specific motor synergies.
DISCUSSION
We provide a circuit-based, spatial, molecular and functional characterization of a population of spinal neurons that are sufficient to trigger complex patterns of motor activity. We found that these cells uniquely combine the key features to mediate motor synergy programs as building blocks for both volitional and reflex motor behaviors (Supplementary Fig. 10 ). They are a major source of monosynaptic input to motorneurons. They can cross multiple spinal segments to reach target motorneurons, potentially linking spatially segregated but functionally related motorneuron pools. They are located in the medial deep dorsal horn, the region from which motor synergies are most efficiently evoked by electrical stimulation 23, 41 . They drive reliable patterns of action potentials in multiple motorneuron pools in a reduced model of a motor synergy. They receive direct inputs from neural sources known to recruit motor synergies, such as sensory pathways and the corticospinal tract. Accordingly, we propose that these spinal neurons encode the motorneuron activation patterns for motor synergies, and we designate them MSE neurons.
In addition to MSE neurons, multiple interneuron classes in the spinal cord have important motor coordination function, particularly those ventral interneurons that make up the 'central pattern generator' (CPG) network that supports rhythmic locomotion and the embryonic lineage-defined classes that make up this network 32, 42 . Direct activation of the CPG network drives patterns of motorneuron activation, and in this respect, the ventral CPG interneurons and MSE neurons are similar. However, we describe here that MSE neurons in the medial deep dorsal horn have the ability to coordinate motor activity and are major synaptic targets of the cortical and sensory pathways that can recruit motor synergies. Having identified MSE neurons as a key node in neural pathways for motor control, it is an important future direction to study the relationship between MSE neurons and the ventral locomotor circuitry.
Previous anatomical and physiological experiments provide strong support for the medial deep dorsal horn being an important site for motor control. This region is the major point of intersection of several important circuitry elements: the densest region of corticospinal fibers 21, 38, 39, 43 and rubrospinal fibers [44] [45] [46] , substantial multimodal sensory input including 'reflex-encoder' sensory relay neurons 40, 47, 48 , and a major fraction of premotor neurons [12] [13] [14] [18] [19] [20] [21] [22] . Functional experiments have demonstrated that spinal motor synergies are best evoked with electrical stimulation of the spinal cord from deep dorsal horn locations, even in spinal cords in which descending and sensory inputs have been removed 23, 41 . Our data provide a medial deep dorsal horn cellular substrate for the neurons that control complex motor actions by forming a columnar network in which descending and sensory inputs can converge, and selected motor commands can be sent to multiple motor pools.
An intriguing observation from our work is the spatial arrangement in the MSE column, such that distinct motorneuron coordination patterns are encoded at different points along the rostral-caudal axis of the spinal cord. This finding is supported by previous observations that electrical stimulation of the spinal cord produces different movements of the hindlimb, depending on the rostral-caudal site of stimulation 23, 41, 49, 50 . The spatial organization of the MSE column provides a simple axis for motor commands, such as the corticospinal tract, to target and direct diverse motor synergies. If the MSE column is a major path through which cortical information flows to motorneurons, the selection of spinal motor modules may be an important organizational strategy represented within the motor cortex. Indeed, recent work has described cortical maps of motor synergy recruitment after electrical stimulation 7, 33, 34 .
It has been noted that grasping of an object resembles the palmar grasp reflex and that the swing phase of locomotion is related to the flexor withdrawal reflex. If the MSE neuron network first arose in simple animals lacking a motor cortex, perhaps the earliest functions of this network were related to mediating motor synergies of multijoint reflexes. The similarity of movements activated by volitional and reflex pathways suggests that as the cortex evolved, the corticospinal pathway may have coopted the existing MSE cell circuitry to likewise simplify the task of controlling complex multijoint movements. In spinal cord injury, spinal neuronal networks are effectively isolated from descending input, and volitional movement of the body is lost below the injury level. If motor synergies are autonomously encoded in spinal MSE neuron networks, perhaps in the same way evolution may have coopted this circuitry, it may be useful to target MSE cells for therapeutic intervention in order to facilitate purposeful movements in patients with spinal cord injury.
METHODS
Methods and any associated references are available in the online version of the paper. significant neuronal spiking. The 95th percentile of convolution noise peaks before the stimulation was used as a simple height threshold for the data after the onset of the stimulation at each recording. Any points passing the height threshold in the convolved signal represent points in the raw signal where the 1-ms spike pattern was strongly associated. Those points were extracted from the high-passed signal, and all other points were set to zero. Finally the thresholded signal was clipped to 104 ms starting from the response onset minus 4 ms.
The responses were evaluated for consistency in pattern at each stimulation location. To avoid overlap with the response ratio metric, we only analyzed the trials that produced responses. Pattern similarity between any pair of responses was defined as the average of the 0-lag cross-correlation and the peak crosscorrelation within a 4-ms window of either positive or negative lag. If there were no peaks in the cross-correlation spectrum then only the 0-lag value was used. Only positive values were considered valid. This metric allowed for the possibility that activity was not perfectly aligned between trials while still having an overall general similarity. For each stimulation location all pairwise similarities were averaged producing a single metric.
Statistical analysis of latency and location analysis. Mean latencies for L2 and L5 per stimulation location were pooled from all samples and plotted versus their corresponding rostral-caudal stimulation locations. L2 and L5 points were fit separately with a linear model. The slope of the linear fit was interpreted as the average change in latency versus change in rostral-caudal location. 95% confidence intervals of the slopes were generated by bootstrap resampling. Each bootstrap sample of latency versus location values was fit with a linear model, and the slope was recorded for 1,000 trials. The 2.5th and 97.5th percentiles of the bootstrap distribution defined the 95% confidence interval of average slope. The calculated conduction delay of 0.96 ms/mm latency rate of change was lower than the low end of the 95% confidence intervals, indicating that the L2 and L5 slopes were significantly higher than 0.96 ms/mm at P < 0.05.
